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PROCESS DESIGN OF THE LASL BISMUTH SULFATE THERMOCHEMICAL HYDROCEN CYCLE

K. E. Cox, J. H. Pendergrass &ad W. M. Jones
Univeraity of Califormia

Los Alamos Scientific Laboratory

Los Alamos, New Maxico 87545

ABSTRACT

A nev process enginearing flowsheet reflecting an
improved design of the LASL Bismuth Sulfate thermo-
cheidcal eycle 1s presented. The design is based on
laboratory data that indicats a lowered endothermic
heat load for a partial decompoaition of the solid bis-
muth sulfate. A small electrical energy demand should
result from operation of the sulfur dioxide electro-
lytic step at lower acid concantration, in principle.
The results of the flowsheeting analysis yield a ther-
nal efficiency of 50 percent for the cycle when coupled
to a conceptual fusion enargy heat source at 1500 K.

A paramstric analysis shows a slight drop In efficien-
cy as the temperatura of the heat source 18 decreased.
The LASL Bisrmuith Sulfate tharmochemicial cycle appears
to have poteaticl as a8 means of produclng hydrogen from
high-remperarure heat Bources such as fusion, fission,
and solur energy; it also appears to be competitive
with alternative thermochemical cycles as well as with
water electrolysis for hydrogen production.

THERMOCHEMICAL CYCLES FOR HYDROGEN PRODUCTION have been
investigated at the Los Alamus Scientific Lzbhoratory
(LASL) since the early 1970's. These studles have con-—
sisted of expuerinmental and engii-ering research to de-
fine practi:.a) cycles that can b coupled to high-ten-
perature heat sources for water-aplitting to produce
hydrogen and oxygen. Sponsorshlp of these programs

has been obtained from DOE's Division of Basic Energy
Scinrnces and Energy “:orage Systems;. In recent montls,
our efforts have concentrated on the dovelopment of a
thermochemical cycle that is compatible with a 1500 K
temperaturs heat source derived from a conceptual fus-
ior, driver. Thi study, mainly sponsored by DOE's Of-
fice of Fusion Energy has as its major goal the task of
definiog nonelectrical fuaion energy appllcations.
Chief among these appllications has been the study of
synfuel (hydrogen) productiia from fusion powar, the
results o which are discussed eluvewhare at this Con-
ference.(l)*

This paper addresses the status of the chenical
process design of the tharmochemlical cyci: chosen for
coupling to the fusion driver. 1In smelecting a specific
thermochemical cycle for this study the following
ground rules were adopted.

CHEMISTRY

0 The cycle should have some basio in experi-
mental fact,

0 Thermodynamic data should he available.

0 Kinetic data on the imporrant reactions should
exlst,

ENGINEERLHG

0 Uycle energy requiremen: charactecistic:
should match the thernil enerpy nouren,

0 Cycle should avoid higily corroalve coviron-
meat wherever posslble.

0 Heit exchange should b winfmlzed.

Fdunhe o Ir bi;;hthnnza desinnat » Relerceneed at the

end o papar.

With these considerations in mind, a "hybrid" bismuth
sulfate thermochemical cycle under development at LASL
was selected for study. (A"hybrid" cycle is one which
operates partly onr thernal energy and partly on "work"
energy, l.e., a lov-temperaturc electrolysia step 1is
incorporated within the cycle).

THE LASL BISMUTH SULFATE CUCLE

The reference bismuth sulfate cycle has already
been analyzed rlsawhere (2); however, it is useful to
review its chemistry as an aid towards understunding
the present version of the cycle. The refcrence cycle
consists of the following steps:

ZHzo(]) + 50,(g) = HZSOA(aq) + H,(s) Elec. 350 K 1)

- ¥ = 1
stoa(uq) + 1,331203(5) ./351203.3503(5)

+ HZO(]) 350 X (2)

1/351203'3503(5) = 1I351203(l) + 503(3)900—1200 K (3)

50,(g) = 50, (8) + 1/20,(g) 1100-1500 K (4)
This cycle was origiunally devised as an alternative to
those cycles that cmploy sulfuric acid as ane of thelr
reactaats.  In theos cycles, sulfaric acid is present
in solutiun at around 50 wt? concentration. These so-
lutions are concentrated by evaporation te the o=
tropic concuntration at around 98 wt. acii priar to
sulfuric acid decompesition to water, suliur dloxide
and oxygen. Sexrlous materials problems are experfcnced
in the evaporation proceas due to the highly corruiive
nature of boiling sulfurlc acid solutions. In additloa
large lLieat penalties may be incurred unluss mulciple ef-
fect evaporurion which involves expensive capital equip-
ment is invokad. Among the cyclea employing sulfurie
acld processing are the hybrld sulfur cycle und-r de-
velopment by Westinghousa, (3} the General Ato:ilc sul-
€fur-ivdine eycle,(4) and the Mark--13 suliuric acld-
bromlue cycle being atudied at the Euratom fenre-, Is-
pra, Italy.(5) Thcse three cycles have passea th  ab-
oratory stage of development and are belns stuliod in
bench-scale apparatus capable of continuaus oy ..otion
to produce 100 liters of hydrogen per hiour. Muzh at-—
tention 1s beiny devoted to the aforemencionad nuateri-
als problem,

At the LASL, we have sought to avold hot conzen-
tcated sulfurle acld corrosion and dryiug prohlons by
precipitatieg an insoluble, anhydrous metal sulfate
from the sulfurlc acld sclutivn us shown i & op 2,
above. The bismuth system was selectd ou tha basis
of the formatlon of inzoluble, anhydrous bu .etily sul-
fate on precipitation. Addltienal heat veold @ ro-
quired in the cycle Lf hydrated sultate sporler were
formed, as in the cawe of copper gulfate, any, In

step 2 of our refercuce cyecle, blsmuth oxt.os (6 added
to sullinrie acld having a concentration greater than
or cqual to 52.7 wt% to form tha novmal hi. ' sul-
fate,(6) this sullore after drydng can be - o0 oaed
thermally te bison'h oxlde and rulfur trio.id

shoWn in grep 3. Loliur trioxtds furcher & oo noies
to sultur dloxlde ! oxyger wiich are nepus o to
provide reeyele sultey dlox!d {or sten 1, the . lec-

trochealenl oxldntion of sulfer dlovin~ to mulic. lo



acid and hydrogen product. The electrochenlcal oxida-
tion of sulfur dioxide to give hydrogen is the "hybrid"
step in this process; this reaction was first investi-
gated by Bowman and Onstott at the LASL,(7) and is a
key step iu the Westinghouse cycle.(3) Comparison of
the steps in the LASL Bismuth Sulfate cycle to other
cyrles ghows that solid materials must be handled.
1raditionally, solids are avoided in favor of liquids
and gases because of harndling problema. The trade-off
must be made between sclids handling and the difficul-
ties (and expense) of handling highly-corrosive boiling
sulfuric acid streams. This is a future direction of
our proposed research.

LCYCLE VARIATICHS

Variations in the reference bismuth sulfate cycle
are possible as a result of the existence of a sat of
intarmediate bismuth oxysulfate compounds that resule
vhen nornal bismuth sulfate, Bi203.3503, decomposes to
bismuth oxide, B1203. This is illustrated in Fig. 1
which also indicates approximate temperaturei at which
th2 transformations take placae. In the reference de-
sipn, we considered the removal of one mol of SO03 from
1/3 mol of the normal tismuth sviface to yield 1/3 rol
of bismuth oxide (stcp 3). The enlothermic heat re-
quiremeut was taken as 251 kJ/mol S03 from tabulated
thermodyn umic data.(8) At the decomposition tempera-
tures chosen, the bismuth cxide formed Jy in the liquid
state complicatlng the desiga of tha dec-mpoaition re-
actors.(Y) Recuperation of p-:rwal bismuth sulfate al-
Bo required reasonably high a.1d concentration (52.7 wtZ
or higher) which in turn indicated an electrolyzer vol-
tage of 0.6 V or higher. Our preliminary assessment of
the reference cycle's efflcleney was 412 on these bases.

To optimize cycle p:rformance, primarily in the
area of efficiency improvement, cycle variations were
devised that were bazed on the effect of cycling he-
tween two of the intermediate bismuth oxysulfate com-
pounds in the dw«composition sequence shown in Fig. 1.
An improved cycle would operate between the compounds,
Bi,03:2503 and Bi303-S03. Experimental data on the
endothermic heat of decompoiltion of Biz04:2503 to
B1203:503 are prraented in Table 1. Steps 2 and 3 pre-
sented for the reference cycle would be replaced by the
following two steps:

31203'803(3) + HZSOQ(sol) - B, 0

2 3-2503(9)

+ B,0(1) 350K (5)

51203'2503(9) - 51203-803(5) + 503(g) 1000-1250 K (6);

The improved cycle is shown in schematic form in Fig.
2. There arc several advantages with this variation:

0 The average endothermic heat requiremen: for
the rolid decomposition step would decrease
from 251 kJ/mol to 172 kJ/mol 503 removed.

0 B1304-2503 is the stable solid phase in contact
with sulfuric acid over a 3 wtX to 52.7 wti
concentration range;(6) in principle, tl:s elec-
trochemleal oxidation of sulfur dioxide (.tep 1)
could be carried out at a voltage lower than
0.6 V due to a reduction in the theoreti.csl
voltage as well as a possible reduction in over-
voltage. OUperation in the 10-20 weX sulizric
acid range would be feasible.

0 Sulfuric acid is rot handled at high concentra-
tions or temperatures.

0 Both sulfates present in step 6 would reaain in
the solid phase throughout the reaction avoiding
difficult to contain molten oxide.

8 Maximur remperatures required for solids d=:com-
position can be lower.

A second Alternative would involve duconposition of
Biy03:2503 to a stape represented by Biy0y-(2/3):,.
As opposed to these advantages, the only foreseeuabhle
disadvantages would be the eirculation of a larger
amount of solid, one mol of bismuth oxysulfate pr- mol
of sulfur trioxide removed with attendewnt increas.d
l1iquid entrainment, and a higher circnlatiun rate “or
the sulfuric ucid electrolyte in the sulfu: dioxids
eluctrolyzer.

CYCLE EXPFRIMENTAL VERTF1CATION - Tha experluental
baies for tlir above obeervation:s are rhown in Figs., 3

and 4. Toerwndynawle data on the endothernic heat of
reactlon for:

31203-3503(5) u 51203-2503(8) + 50,(1) )]
gnd. 51203'2503(9) = 51203.503(5) + 503(g) (8)
were obtained in isothermal batch experiments. Thae 504

pressure vas obtained from total (S03/502/0,) pressure
peasurements over srampler of bismuth oxysuliate (of
known compuyltion as a function of temperaturc.
Stralght line plots of log Psp, vs. 1/T gave a value of
161 kJ/mol (38.4 keal/mol) for the Bij03:3503 decompo-
sition and 172 kJ/mol{41.2 kcal/wnl) for the B1205-2505
decomposition respectively, These data and tha experl-
mental plots are shown on Fig. 3.

]

Table 1 - Bismuth Sulfate Depomposition Data
]

T, K
Reaction {psp,~1 atm)
: .3 - <250, + 876 !
51203 350, B1,0, 250, + S0,
. - . + 1121
Bi,0,°250, Bi,0, 50, + S0,
. - “ 1253 +
B1,0, 50, B1,0, (2/3)50, + 1/3so3 3
. JUR 83 +
BL,0, (2/3)505 = B1,0, + 2/3503 1283
Overall
31203-3503 = B1,0, + 350, 876

"anh' wtX 1in

AH, kJ/mol 503 eq. with reactant (6)

| 161 52,7 +
172 3.0 - 52.7
- < 3.0
786 (8) 52.7 +



Kinetic data for the decomposition of Bi. 05-3503
starting material are shown in Fig. 4. Isoth.rmal runs
vere performed by dropping a small sample of normal
bismuth sulfate into a preheated furnace. The sample
came tc within two degrees of the furnace temperature
in about two minutes. The olots in Fig. 4 show the
rate of S03 removal as a finction of time at tempera-
tures of 1048, 1153, and 1.43 K. In all caser after
long enough times (30 + mi:utes), the normal bismuth
sulfate decomposad to yield a solid materfal with the
approximate stoichiometric formula of Bij03-(2/3)503
releasing 2.33 mols of 503. The dezowpositivn times
for the release of 2 mols of S03 (to form BizD3-504)
is dependent on the run temperature. About 1.5 min is
required for the decompoaition of Bi203-3503 to
B1203-S03 at 1243 K. Leas time (roughly half) would
be required for the intermediate step, B1203-2503 to
Biz03-S0,. In these exparimants it is very probable
that the reaction rate is determined by temperature-
dependent kinetics rather than by heat tracsfer. In
large industrial reactors, heat transfer may play a
larger role depending on particlc size, etc. In one
chosen contacting nachemwe, i.e., fluidized beds, heat
and mass transfer rates are large and thus reaction
times would be temperature~dependent. In &n actual
process, solid material correspording to Bi203:503 or
Bi305°(2/3)S0; would be removed from the decomposition
reactor for contact with 10-20 wtX acid fror the elec-
trolyzers to produce B1,05°2503 starting material.

For simplicity, we have considered only rewmovirng S03
as far as 31203-503 in the optimized design. Again,
in an actual process, the starting material would be
elightly morz enriched in 503 than suggested by

Biy03-2803 as a result of reaction between the sul-
furic acid present in the liquid (that is removed by
drying) occlided by the Bi203-2505 precipitate.

We are presently expluring continuous nethods to
decompose B1303-2503. Suveral solid hand Ll ap=-
proaches suggest themselves, these include: f[luidized
beds, rotary kilns and vertical moviag bads. We have
begun testing of the fluidized bed alt:rnative and have
found a major variable to be the physical aspect of the
solid sulfate materlal (particle size and shape, parti-
cle size distribution, tendency to ayzlomerate or
"pill," etc).

CYCLE PROCESS DESIGN

A thormochemical process design has been devaeloped
for the refer:ace as well as for the improved version of
the LASL Bisw :h Sulfate cycle. The design alms were
to produce an englneeriu: flowsheet, compute mass and
energy balances, and ohain a value for the thermal
efficiency of the cycle. The eventual aim Is to obtain
the coat of hydrogen production. For ease of analysis,
the cycle was split into two portiuns, 8 portion in-
volving the low-temperature operations and a high-tem-
perature portion. The flowsheet for the low-tcmpera-
ture part is shown on Fig. 5, with the high-temperature
part's flowshaet being shown on Fig. 6.

A fusion 1eactor deposits neutrons in a high-tem-
perature boiling lithium Llunket at 1500 K. Thermal
energy from the isothermal "Jithium botler"(10) is
transforred directly to a $03/502/0; process stream
for the high-temperature portion of the cycle. One
heat exchanper thus provides all the prinary theraal
energy for the eycle. Heat from a low-temperature
(600 K) portion of the fuaion blanket providea the
cnergy for el-ctric power genuratlon for the electroly-
eals sectiun located iu the lov-temperatuce portion of
tha cycle. We have agpumed equllibrium compositions in
all gas streans containlnyg §03/802/0; except afesr rap-
id quearhlng to teuperarices bhelow 800 K. Duta for
this equlllibriun were ol alnad from thar-odraamie oo o=
pilatios. (11)  For pipmliae nervlics, hydro:sa Iy ne--
qulred atl prussures gubtinclally oove alnoespharic

pressure. We have chosen a design pressure of 3 YMa
(30 atm.) as the operating pressure in the electroly-
ger vessel to yleld a hydrogen product at this pr-ssure
for cutside delivery and the same pressure in the de-
coaposition reactors to minimize their size. In ti:is
design, we have also assimed negligible thermal il
pumping (transfer) losses in comparison with the ti..r-
mal energy flows. The high-tempersture decompos=.t
are thus designed to operate ischarically negleciing
for the time being pressure drops through the rea.zors.
Inclusion of these factors would make minc: downwaxd
adjustments to the calculated estimate of the cyrle's
efficiency.

CYCLE-LOW TEMPERATURE PORTION - Three major cum=
ponents of the process are included in the low-tein=ra-
ture portion. These components are: the sulfur Zi. xide
oxidation electrolyzers, the bismuth oxysulfate prcip-
itation rcactors, and the units for separating Su.
fronn 02 and the extraction of eneryy from the oxy;fn
stream by expansion to ambient conditious. This jor-
tion of the cycle is illustrated in Fig. 5. In t'.c
electrolytic step (7), sulfurous acid is oxidiz-. . ith
the simultaneous formation of hydrogen at th: ca.isde.
Migration of aulfurous acid to and sub-equeat forma-
tion of sulfur at the cathode must be avolded. Thin
problen was first overcome by the provi:lon of a
sliglit cutliclyte over-pressure in conjunction with a
suituble porous membrane. In our design. we L ave i.-
sumed slightly semi-permeable, fon-cunducting w.mbr:ne
that redaces sulfurous fedd migration into the cathude
comparinent of the electrolytic cell. The electrelytic
cell design parameters have been chosen at: Cell Volt-
age: 0.45 V, Current Density: 2000 A/mZ, Teamperatnz.:
350 K, Pressure: 3MPa (30 atm.), and Acid Concenira-
tion: 10-20 wtZ. Experimeats are bein; pursued ot thls
tim- to verify the choice of these operaling par. m»ters
for the elrctrolyris portionm of th+ eycle.
acld stroan at 20 wty in cooled by heat exchicye prics
to being reacted with the bismuth exysulfat. (Riy3-503)
effluent {rom the decomporar vessels. Those reoa:cors
produce a wet Bi;03-28503 precipleate thoi Is rerwes -l
to tha high-temperature portion of the eycle. Soue
heat 1s liberated at low temperature in the reactloen
of Bi203-5053 with rulfuric acid. We estipate this
amount of heat to be 38 kJ/mol which is ruughly halt
the heat release for the reaction of bismuth oxide
with sulfuric acid to form Biy03:2503. Thiy beat
Berves to ralise the temperature of the acid elflu.nt
from the biasmuth oxysulfate reactors. The acl! «{flu-
ent is then introduced into a series of gas ab-orbe-s
where it is used to meparate 503 from the S0p/0 )
strecam leaving Lhe decomposers. This operation ve-
covers 502 which 1s then recyeled with the acld back
to the electrolyzers. The oxygen steecam from ti:: b=
sorbers contalns trace amounts of 50, which is . ther
reduced by contact with the incomlag water to th.- cycle.
After final scrubbing, the oxygen utream is heat.l, ex-
panded tou rcrcover useful work, and voented at elois to
anbient conditiemns to the atmosphece.

It is of interedt to note othar propoied S0./02
acparat lon schemes rhat depend on the cvyogenl: o opara-
tion of 503 by its liquefaction frem ron-coadens ole

oxypen (at toe wpecificd temperatures). Theae 'L mey
may be flawed as oxygen possessw«i a conslderahls | olu-
bility in liquid S05.(12) The tesperatur: eo:ltijent
of pulubility for oxypean 1o posltive, thes v 1i oI1d

50, nuat be at an even lower temprerature for greador
oxygpen removal,
CYCLE-IUGH TFMPERATURE PORTION - This parti o of

the cycle includes the Lismuth sutlate desia, st o) the
bismuh culfate decompegition, »ad th snliue ¢ 0 {de
decoupongition ateps,  Isotherma oo 0 at 1h00 fi1om
coud-n o Ing Lithimm vapor auppli . hean to the i ' -tom-
pesa iz portlun of tha cyele by briviv: =70 ep L Jhoe=

wic rearclont S0q = S0 + 1/20, to th- ri .. T
shift of the equilibirinm to the Telt vl oy o

The effluenr



mixture drops to lower temperature glves & livar evolu-
tion that ig used for tha endothernic decompusition of
entering B1304:2503 in a ‘chemical heat pipe" muchanism.
In this manner, primary heat from the fusion reactor is
coupled to this portion of the cycle in a single heat
exchanger. The other heat exchangers shown on the flrw-
sheet, Fig. 6, are for internal heat recovery, i.c.,
preheating incoming "col:" strcams with exiting "hot"
streams.

The equilibrium preasures for the $03/50,/0; sys-
tem are well known (11) and daca for this system, in the
forn of P503» has baen plotted as a function of tempera-
ture at a total presaure of IMPa (30 atm.) on Fig. 3.
We see that the crossover point with the Biz03- 2503
decomposition line occurs at 1251 K. Above this tem-
perature SO3 obtained from the decomposing hismuth oxy-
sulfate will equilibrate with 503 and 0. The corre-
sponding temperature for the 31203 J503 decemposition
is 1010 K.

With reference to the flowsheet, Fig. 6, ent=ring
B1503-2503 mechanically "dewatered" to H7 wtZ sollds
containing roughly 5 nols of watar per mol of entering
solid is dried by indirect contact with a warmer
stream of quenched $35/02/503 containing the evaporated
water. Additional heating is provided by an internal
recycle stream of oxygen. Leaving the bottom of the
drier, we have a vapor ntream composed malnly of S0
and 02 and a liquid stream contuining water and sul-
furic acid. 7The dry solids exit the top of the drier
vessel where they contact directly a quenched $02/0,/50
stream that comes directly from the $03 decomposer
(primary heat exchang«~) and is essentially unchanged
in composition from ity equilibrium at 1500 K at 3 MPa
(30 atn.). MNeat exchanize ocecurs hetween these streams
raisin’ the temperature of the dried Bi04-2503 to
approx’.aately 800 K. Additional heat to raise the
temperiiture of the solids is obtalned from a recycle
505/02/503 stream as well as from the recycle oxygen.
The dricd and heated Blp04°2503 sollds are now intro-
duced into a serles of decompositlon reactors (two are
shown on Fig. 6) where they come into direct contact
with a 502/03/503 gas mixtur: from the primary heat ex-
changer. We have assumwd equilibeium conditions at the
inlet and outlet temperatures ot thise decomposar ves-—
gels for the gas phase. In the decomposers, the solids
are heated by twc mechuan.ums, sensible heat exchange
with the hotter gases and by tha heat of reaction given
up as somw of the S02 and 0p preaent shifts towards S0j.
This forns the heat recovary portion of the chemlcal
heat pipe mechanism dascribed earlier. This process
drastlcally reduces the gas flows from what they would
have to bu 1if only senzible heat were exchanged. As
stated carlier, the decomposition reactors are solid-
gas contaccing devices. These units could have novaral
configurations: fluidized beds, noving beds, or -ntary
kilna, ete. C-iteria for decomposer reactor des!-n
would include considerations of temperature, pr.:-sure,
reaction rate and heat transfer. Some thought has al-
80 been given to the possibility of the solidy them=
selvey acting as catalytic surfaces for the 502/02/303
cquilibrium. Should the solld material prove to be
catalytically inactive, cutalyst coatings on interior
surfac:3 of the decomposer veussela may have to be pro-
vided.

In cur dusign, we have considered the removal of
1 mol of SN3 par wol of en:ering Bi504.2503 au well as
the removal of 1.33 mols of 805 to yleld a product of

Bi304-503 or Bly03-(2/3)503 reapacrlvnly The exlting
nolid waterial is cooled by the {iternally recycling
ox:ren utream hefore its diacharz~. Thly matertal {a

return-d to thy low=tempurature portian of the cycl»
for subenqu=ng contact with snlfucrie acld and regea«+e-
ation to the #ip04-280) stareing matertald.
CYCLE-IZISRGY BALANCS ANL FFTICIENCY - In order to
ohraln tntl:\tlve data for th parformamce of thiy

‘which the varlation of Qy is plotted agaiast th

cycle relative to other cycles and to water Ll_CT“le'

tild, we have done parametric analyses of the ¢ 'n
ener:y balance over a wide ronge of operating . :;i-
tions.

High-temperaturc Portion of the Cyc'n - Arn cathul-

ps balance Twdal illustrated in Fig. 7 was cun.t-uctad
to obtain the endothernic heat per mol of H,, [, re-
quired in the high temperarure porrion. We hav: 23~
suned negligible heat losses and a 25 K temperatare
difference for heat transfer in this porrioa. 7The en-
dothermlc heat rcoquirement may be expreased as:

Q,~Ln h (350 K)- £ n,h, (375 K) 9)
H 1 1 i)
n out
where, n, = mols component i, and hi = molar enthalpy

of components..
The variables explored and thelr ranges wers:
Maxlmum Stream Tenmperatuce: 1275-1675 K
System Pressure: 2MPa (20 atm.) - 5MPa (50 «.tn.)

Mols 503 Removed: 1.0 and 1.3)

. n - . -
Mols “20 entering with 312.3 7503. 0-20
(as 15 wt? “2504)
Fip. & shows (i resultrs ol oo of Lthe cszaluations in

. en-
tering moles of water as o funceilon of na<luuz ceapera-
ture and the number of wols of 503 revovel. ¥: nsine a
winlua iu the curves resulting from two effectu: a) the
25 K temperature difference between the [ved and outlet
strcams, and b) the recozhination of unrencred iy thar

combines with wuter in the evtlel stream to forw NS0,
releasing about 2869 k1/nol as hieat oi reackl o nnd
liquld solution fornation. Less endorhzn:ic h; 45
required for 3i03:2507 transformiog o Biyly.

rather than to 8i20;- (Z/J)ulj, how.var, thle 1. e

balanczd agalnsit a small incrieasse in rmaterials airgula-
tion.

For a repregentative encrgy balance aud ef ficf:ncy
calculation, the followlng proceas conditiouns were
chosen: Max. Temp.: 1475 K, Press.: 30 atm., Mol. 502
removed: 1.0, and Mols M. 0 centering: 5.0. Tihe overall
energy balance for the cyele 1s glven in Tabie 10 bhe-
low .for these cunditlions.

Table 2 - Cycle Energy Balance

Heat Heat Work
Proceas Required Avallable (Hea Fquiv.)
Step ki/mol Hr kJ/mol M,  kJ/mol Ky _
"High 285
‘Temperature
Yortiun
:Low
Temperature
Portion
a. Electrolyzer 225"
b. BL,0, 250 Gnb
Foimat {on
Reactor
c. §0,/0 20 14 54"
Sejiariitor — e .
305 14 241

_nH~4: to work conversion ¢ 3%Z

bIl:\t at 350 K

N



The cycle efficiency n is: AHHZIEQIOT. in our case we
have )

ne- 286 = 0.50 (50%)

305 + 282 - 14
A fur-her parametri: analysis was done to evaluate the
~ffa.t of the major system variables on th= cycle's
effizlency. Three variables were chosen for this
analysis; the electrolyzer cell voltagz, the endother-
mic heat requirement in the high-temperature portion,
and the maximum atream temperature in tha cycle. Held
constant were the systea pressure at 3 MPa, the mols
of S0y removed at 1.0, and the mola of water entering
the high-tempsrature portion at 5.0. The results of
this further aca’-3is are shown on Fig. 9. In the
cagse of the variazion of cell voltage, the temperature
wvas kept constant at 1475 K, and the endothermic heat
at 285 kJ/mol Hy. In the other two cases conalidered,
the cell voltage was kept a: 0.45 V (228 kl/mol, heat
equivalent).

The results show that the most important vari-
sbles bearing on the cycle's efficirncy are the elec-
trolyzer voltage and t+ endothermic heat requirement.
Th: effect of maxloum -tream temperature vdariation ir
imporctant primarily Locduse it varies the equilibrivm
vield in the S03 = S0; + 1/20; reacticn and hence
changes the cowmposition of the gaa mixture leaving the
high-tenperature portion of the cycle and ti:e enlo-
thermic heat requirem.nt.

Our earlicer look at the variation in overall sys-
tem pressure showed small changes in Qy with pressure
ovur the vange 20-50 atm and thus not much varlation
frosn the point of ~7ficlienecy. The major effect of
varying system pressure in a gasaous 8yatem would be
to change equipment s8izes and structural requirements
thus influencing the ca-ital costs of the cycle.

Te alitaln a cycle vizh high overall themal ef-
ficiency, it ie 1lrportan: to chouse uperating condi-
tions tunt minlmizz thi-=al energy c«penditure. In
the case of the biamuth szulfate eycle, thease cunditions
are fulfilled by the choice of a reasonably hiph maxli-
mun stream tesperature (1475 K), high system pressure
(3MPa), low electrolyzar voltage (0.45 V), 1 mol of
803 removed per entering Bij04-2503, aud a low number
of mols of water enteriog the high-temp« -acure portion
of the cycle ( < 5 mols).

MATERIALS - Materials problems must be faced in
designing a thermochemical cycle for operation at tem—
peratures around 1500 K. The principal chuice of ma-
terials in the low-temperature portion of the cycle
for components Li contact with 350-400 K H250, would
be plastic-lined pteel. At temperatures from 400-8C0K
an acid brick may be used to line equipmen=. For tha
high-temparatura porcion of tha cycle we hiave to con-
taln bismuth oxysulfates aa well as dry 503, S0z, and
02. The high-temperature form of Si0- or a recently
announced oxlidation resistant S1C sponge (13) have
capab!lities to 1800 K. These problems, however, will
requirs more detailed investigation.

SWIMARY AND CONCLUSIONS - The LASL blsmuth cycle
appears to be a promisiag approach to prodw-:lng hydro=
gen from a high-tempsratu:s process heat - :cce (LL00K)
such a3 that from a fusion or nolar reactor. 1t avoids
th2 p-oblem of evaporating sulfuric acld solutions and
hay e estlmated efficiency of 50 percaen: bwad on a
flowah=et analysig. Cruclal isasnes ntil]l ro be re-
solv el For this eycle are the demonstration ol lov volt-
a;» clectrolyats under production cond(Llcng, recupara-
tln o! Tatent heat of vaporli:atlon from ¢iying solfd
Bi 0,28y, nnd tho handling of large amu aiy of wnllds
in a high ~temperatuze decemposwr vesael.

We have not evaluated the cy. le on cconomie
grounds as yet, however, srimilarity of the eycle to
othar cycles undergoing techno-econumic evaluation
other than for solids handling equipaent indicate that
the hydrogen produztion cost should be roughly compar-
able.
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Fig. 1. Bismuth Sulfate Decomposition Alternatives
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Fig. 2. Schematic Diagrarm of the LASL Bismuth
Sulfate Cycle.
1)
U I O
["1.Y] F 1 T T Ll T j
s \ \ cumeat pESIH ]
- WL eSSl ]
T [ua,me
° By, 58y (5] + Sy Q) [T EUEI
~ Bifpan. s KD, 20(8 e ]
F-4 o s
2 I
t o
# L
=
2
8
B0k
EF
E |
80, (61 »35,(6) 4 § 016D
[ 70N TOTAL PRESSVRE <M atm
' A ) |
"y t 1 " ’ BN [T}
T N0Y
Fig. 3. Equllibrium Data for Rismuth Sulfate and

Blomuth Oxysulfate Decomposition.
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Fig. 4. Kipetics of Blsmuth Sulfate Decompoaition.

Fig. 5 Low-Temperature Portion Flowsheet - LASL
Bismuth Sulfate Cycle
EL: Electrolyzer; AR: Acld reservoir; MV: Mixing ves-
sel; AC-1, AC-2, AC-3: Acid coolers; SR: Solids re-
actor; FD: Flash drum; AT-1, AT-2: S0, absorption tow-
ers; ST: Surge Tank; ME: Mechanical expres:ian roll-
ers; CDW: Dewatering centrifuge; OET: Oxy-2n expans-
fon turbine; 0C: Oxygen cleanup tower; GCC: t:as cool-
er-condenser; GC: Gas compressor; AS: Acid separator;
A: Aqueous sulfuric acid with and without S3,; G: Sul-
fur dioxide contafaing gas; 0: Predominately oxygen

gas; W: Predominately water; C: Cooling water; S:
Solids;



Fig. 6.
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High-Temperature Portion Flowsheet -
LASL Bismura Sulfate Cycle.

L: Lithium stream, Q : 503/502102 gas
quench strear,

A: Aqueous sulfuric acid stream, G:
503/802/02 gas stream,

S: Bismuth nxysulfate solids stream
{incl. occuludad aq. acid),

0: Oxygen heat recuperation streanm.

C-1,2: Compressors, MHX: Maja heat ex-

changer, SD: Slurry drier,

PH: Solids preheater, R-1,2: Solids de-

compositio ractors,

OR: Direct contact oxygen heat recuperator,

MD: Mixing drum.
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